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ABSTRACT
The loss of kinetoplast DNA in Leishmania tarentolae, which occurs in the presence  of low
concentrations  of acriflavin, was found  to be a result of selective inhibition of replication  of
this DNA. Nuclear  DNA synthesis  was relatively unaffected  and cell and  kinetoplast divi-
sion  proceeded  normally  for  several  generations.  An  approximately  equal  distribution  of
parental  kinetoplast  DNA  between  daughter  kinetoplasts  resulted  in  a  decrease  in  the
average  amount of DNA per  kinetoplast.  The final disappearance  of the stainable  kineto-
plast DNA occurred  at a cell division  in which all the remaining visible  kinetoplast DNA
was  retained  by  one of  the  daughter  cells.  The  selective  inhibition  of kinetoplast  DNA
synthesis  was  caused  by  a  selective  localization  of acriflavin  in  the  kinetoplast.  The  ap-
parent intracellular localization  of dye  and the extent of uptake at a low dye concentration
could  be manipulated,  respectively,  by varying the hemin (or protoporphyrin  IX) concen-
tration  in the medium and  by adding  red  blood cell extract (or hemoglobin).  Hemin and
protoporphyrin  IX were found  to form a complex with acriflavin.  During growth  in acri-
flavin,  cells  exhibited  an  increasing  impairment  of  colony-forming  ability  and  rate  of
respiration.  No  change  in  the  electrophoretic  pattern  of  total  cell  soluble  proteins  was
apparent.  The data fit  the working hypothesis that  the loss of kinetoplast DNA leads  to a
respiratory  defect which  then  leads  to  a  decrease  in biosynthetic  reactions  and  eventual
cell death.  A possible  use  of the  selective  localization  of acriflavin  in  the kinetoplast  to
photooxidize  selectively the kinetoplast DNA is suggested.
INTRODUCTION
The  kinetoplast  is a  specialized  portion of a mito-
chondrion  containing  a  large  amount  of  DNA.
This organelle  is characteristic  of flagellates  of the
order  kinetoplastida  (Honigsberg  et  al.,  1964),
and seems to be especially  adapted for the complex
life  cycles  of these  mostly  parasitic  cells  (Vicker-
man,  1962; Rudzinska et al.,  1964).  The historical
"kinetoplast"  (Rabinowitsch  and Kempner,  1899)
was  a  small  granule  located  at  the  base  of  the
flagellum.  It  stained  dark  with  dyes,  such  as
Giemsa's,  and  was  Feulgen-positive  (Bresslau  and
Scremin,  1924).  Numerous  electron  microscope
and  histochemical  studies  have  since  shown  this
granule  to  be  a  specialized  portion  of  a  highly
extended,  convoluted  mitochondrion  (Clark  and
Wallace,  1960;  Ris,  1962; Rudzinska  et al.,  1964;
Schulz  and  MacClure,  1961;  Steinert,  1960,
1964; Trager and Rudzinska,  1964; Anderson  and
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properties  result  from  the  existence  of  a  fibrous
bundle  of  DNA  situated  anteriorly  within  the
mitochondrial  matrix  directly  opposite  the  basal
body of the flagellum.  The  DNA-containing  por-
tion  of  the  chondriome  characteristically  is  a
lightly  concave,  elongated  disc-shaped  structure
which has typical mitochondrial cristae toward the
posterior  portion  and  mitochondrial  tubules  ex-
tending from its lateral ends.  It is likely  that in all
the  hemoflagellates  (family,  Trypanosomatidae)
the  entire  mitochondrial  complement  of the  cell
is  connected  to  the  disc-shaped  body  containing
the stainable DNA. This portion of the chondriome
is  a  permanent  fixture  of  the  cell,  whereas  the
mitochondrial  ramifications  are  variable  in  both
extent  and  appearance  (Vickerman,  1962).  The
term  kinetoplast  will  be  retained  to  distinguish
the disc-shaped  structure,  even  though  it is not a
separate  organelle.
The  kinetoplast  DNA  differs  from the  nuclear
DNA  in  buoyant  density  in  CsCl (du  Buy et  al.,
1965;  Riou  et  al.,  1966),  and  in  annealing  be-
havior  (du Buy et al.,  1966).  Steinert and Steinert
(1962)  found  that  it replicates within  the  nuclear
S  period,  unlike  all  other  mitochondrial  DNA
which have  been  studied  carefully  (Evans,  1966;
Parsons,  1965;  Neubert  et al.,  1965).  The  in vivo
molecular  weight  of  the  kinetoplast  DNA  is
unknown.
One of the most interesting and useful properties
of the kinetoplast is its susceptibility to elimination
by  certain  dyes  (Werbitzki,  1910).  Trager  and
Rudzinska  (1964)  and  Miihlpfordt  (1963)  found
by electron  microscopy  that dye-induced  so-called
"akinetoplastic"  cells  lack  the  kinetoplast  DNA
structure  but  retain  the  kinetoplast  membranes.
There  is  no  change  in  the  fine  structure  of  the
nucleus  or  of other  cytoplasmic  organelles.  How-
ever, the mitochondrial  cristae appear degenerate.
Trager  and  Rudzinska  proposed  the  use  of  the
term  "dyskinetoplastic"  rather  than  the  previous
akinetoplastic,  because  of  the  retention  of  the
mitochondrial  membranes.
The  existence  of such  dye-induced  "mutants"
provides  a convenient  tool for study of the possible
genetic  role of the kinetoplast DNA. However,  the
production  of dyskinetoplastic  cells is not a repeat-
able,  controllable  process. No  one system has been
worked  out  in  terms  of cultural  conditions,  re-
peatability,  and  mechanism  of action  of the  dye.
This  paper provides  such  a study.  Fairly optimal
experimental  conditions  for  the  production  of
dyskinetoplastic  Leishmania  tarentolae  cells  by
acriflavin  were obtained,  and  the mode of action
of acriflavin  was investigated.
MATERIALS  AND  METHODS
Materials
Neutral acriflavin  was purchased from Nutritional
Biochemicals  Corporation  (Cleveland,  0.);  acridine
orange  was  purchased  from  Allied  Chemical  Corp.
(National  Analine  Division,  New  York).  Ilford L-4
emulsion  was purchased  from Ilford  Chemical  Com-
pany,  England.  Recrystallized  hemin  was  obtained
from  the  Nutritional  Biochemicals  Corporation,
protoporphyrin  IX from Calbiochem.  (Los  Angeles,
Calif),  and  recrystallized  horse  hemoglobin  from
Pentex, Inc., Kankakee,  Ill.
Thymidine-3H  (specific  activity  6.7  c/mmole)  was
purchased  from  the  New  England  Nuclear  Corp.
(Boston,  Mass.)  and  Tergitol  TP-9  from  Union
Carbide Corporation  (Chemical Division, New York).
Media
Red  blood  cell  extract  was  prepared  from  horse
red  blood  cells  washed  dnce  with  Locke's  solution.
The cells were  resuspended  in 2  volumes  of Locke's
solution and were frozen and thawed  three  times  in
ethanol-dry  ice.  Stroma  were removed  by  centrifug-
ing  at  18,000 g  for  30 min  at  4°C. The extract  was
stored  frozen  at  -20
0C  in  small  quantities.  The
standard  addition  to  medium  C  (Trager,  1957)  in-
volved a  1/30 dilution which gave a final hemoglobin
concentration  of  3.6  mg/ml.  The  measured  hemo-
globin  heme was  110 pg/ml  (Neufeld et al.,  1958).
Hemin  was  dissolved  as  the  hematin  molecule  in
0.05  N NaOH  at a concentration of 2 mg/ml. It  was
sterilized  by  filtration  through  Millipore  HA  filter
and  stored frozen  in  small  quantities.  Unless  other-
wise  noted,  hemin  was  standardly  added  at  a  con-
centration  of  24  g/ml  to  medium  C just  prior  to
inoculation.
The standard  medium  to  wash  cells  (SBG)  con-
sisted  of 0.15  M  NaC1-0.02  M  glucose-0.02  M phosphate
buffer  (pH  7.9).
Acriflavin  was  dissolved  in  redistilled  water  at  1
mg/ml,  sterilized  by autoclaving,  and  kept  in dark-
ness  at  4°C.  The  same bottle  of dye was  used for  all
experiments.
Cells
A strain of Leishmania tarentolae was used which has
been  growing  continuously  in  a  defined  medium
(medium  C;  Trager,  1957)  since  1959.  Cells  were
grown at 27C in the dark  in 30 ml of medium  C in
stationary  250-ml  Erlenmeyer  flasks  equipped  with
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parafilm,  or  in  300-ml  quantities  in  2500-ml  flat-
bottomed  flasks.  No  antibiotics  were  used.  Cultures
were  inoculated with  about  0.5-1.0  X  106  cells  per
milliliter.  Cell  counts  were  made  by  diluting  a
sample  1:1  with  3.7%  formalin  in  0.15  M NaC1-
0.015 M Na citrate  (pH  7.0),  and  counting  300  600
cells  in  a  hemacytometer  at  X 480.
Before  being  stained  with  Giemsa's,  cells  were
mixed  with  an equal  volume of  1%  albumin in 0.25
M  sucrose,  centrifuged  down at 2,500 rpm for  10 min
(International  PR-2  refrigerated  centrifuge),  and
smeared.  Smears  were  rapidly  air-dried,  fixed  with
absolute  methanol  for  5  min,  and  stained  with
Giemsa's  for  30 min.
CsCi Gradient Centrifugation
This  procedure  was  carried  out  according  to
Meselson et al.  (1957).  The solutions were centrifuged
in  a Spinco model E  at 44770 rpm for  at least 20  hr.
Tracings  of  the  UV  absorption  negatives  were
obtained  with  a  Joyce-Loebell  densitometer.
Isolation of DNA
The  phenol-pH  9  method  of  Saito  and  Miura
(1963)  was  used.  If little  material  was at  hand,  the
aqueous  layer  of  the  phenol  extract  was  extracted
10  times with  ether  and  dialyzed  for  3  days  against
four  changes  of 0.15  M NaCI  at  4C.  It  was  then
Totol  Cell  DNA  - Leishmania torentoloe
Ap =0.013  g/cc
p  =  1.742  g/cc
p  = 1.716 g/cc
treated  with  10  g  pancreatic  ribonuclease  per
milliliter  for  30  min  at  37°C and  quickly  dialyzed
again.  DNA  concentration  was  measured  by  the
Burton  (1956)  modification  of  the  diphenylamine
assay,  with calf thymus DNA  as a standard.
Fluorescence Microscopy
A  Zeiss  fluorescence  microscope  was  used  with
excitor  filters  BG-3  and  BG-12  and  barrier  filters
50-47.
Radioautography
The  cells  were  smeared  onto  presubbed  slides
(Caro,  1964),  air-dried,  and  fixed  in  methanol.
Enzyme  digestion  was  performed  at  this  point  if
desired:  deoxyribonuclease,  0.02%  in  0.02  M phos-
phate  buffer,  3  mM MgSO 4 (pH  6.8)  2  hr at  24°C.
The  slides  were  then  extracted  with  cold  5%
trichloroacetic  acid  for 5-10 min,  given four  30-min
washes  in  70%  ethanol  and  a  5  min  wash  in  95%
ethanol,  and  air-dried.  They  were  dipped  in  1:1
diluted  Ilford  L-4  emulsion,  dried,  and  stored  in
light-proof  boxes  at  4C.  Exposed  slides  were  de-
veloped with Kodak D- 19 developer  (Eastman Kodak
Co.,  Rochester,  N.  Y.).  If  necessary,  they  were
stained with Giemsa's according to Gude et al.  (1955).
Visible Irradiation  of L.  Tarentolae
Cells  were  treated  with  acriflavin  for  3-5  hr  at
27C  in medium  C  and then  washed three  times  in
Dyskinetoplostic  Leishmania  tforento/ae
Totol  Cell  DNA
p  =  1.715  g/cc
®
FIGURE  1  CsCl  analytical  ultracentrifugation  of  total cell  DNA from normal  (a)  and 70%  dyskineto-
plastic  (b)  L.  tarentolae. Phage  SP-8 DNA was used  as a density marker.
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FIGURE 2  The  inhibition  of kinetoplast DNA synthesis by acriflavin.  Cells were  in  medium C with  (a)
and without (b) red blood cell extract. Dye was  added at 0 hr, samples  of the cultures  were  centrifuged,
and the pellets were resuspended  in 0.2 ml medium C, 1%  bovine serum albumin. These samples were then
given 30-min pulses of  thymidine-3H  (50  pc/ml;  6.7 c/mmoles)  at the indicated times, smeared,  and proc-
essed  for  radioautography.  Dye-treated  cells  were compared  to  untreated controls  at each  point. The
following  method  was  used  to calculate  per cent  inhibition  of  kinetoplast DNA  synthesis:  (N, nuclear
label;  K, kinetoplastic  label;  c,  control;  and  E, experimental):
%(N  + K),  + %K]  - [%(N +  K)E  + %OKE]
[%(N + K),  + %Kj,
SBG.  The  cells  were  irradiated  in  2-ml  portions  in
Pyrex  tubes  (1.3  cm  ID)  and  stirred  with  a  small
magnetic  bar.  The  light  source  was  a  water-filtered
xenon  arc  lamp  (Bausch  &  Lomb  Incorporated,
Rochester,  N. Y.), with an intensity of approximately
0.68  X  106  erg/cm2/sec.'
Agar Plating
FIGURE  Radioautograph  of incorporation  of  thymi-
dine-
3H into  nuclear  (N)  and kinetoplast  (K) DNA  of
L.  tarentolae. Grown  for  six generations  in presence  of
label.  1 month exposure.  Phase-contrast;  X  1000.
The  cells  were  plated  by spreading  0.1-0.2  ml  of
cells in  SBG-1%  bovine serum  albumin evenly  over
the  agar  surface  by tilting.  The  plates  were  taped,
1I  thank  Mr.  Paul  Rosen  for  carrying  out  this
measurement.
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A  I  I ...inverted,  and stored at 27°C.  The agar medium con-
sisted  of 1%  Bactoagar  (Difco  Laboratories,  Detroit,
Mich.)  and  2.5%  rabbit  blood.
Electrophoresis and Protein Assay
The  Lowry  et  al.  (1951)  Folin-phenol  assay  was
employed with bovine serum albumin as the standard.
Electrophoresis  was carried  out on  1  X  6  inch
strips  of Sepraphore  III (Gelman  Instrument Corpo-
ration)  at 450  v for 45  min at 4°C in high resolution
buffer, pH 8.6,  (Gelman  Instrument  Company,  Ann
Arbor,  Mich.)  diluted  in proportions  of  one  packet
per 2200  ml of water.  Strips were stained  with  Pon-
ceau  S  in  5%  trichloroacetic  acid and  destained  in
acetic  acid.
RESULTS
Mode of Action of Acriflavin
LOSS  OF  THE  SATELLITE  BAND:  Total  cell
DNA  isolated  from  normal  L.  tarantolae gave
two bands on  CsCl equilibrium gradient centrifu-
gation 2 (Fig.  I a),  the  satellite  being  lighter  in
buoyant  density  and  hence  higher  in  per  cent
adenine  plus  thymine  if  no  unusual  bases  were
present  (Schildkraut  et  al.,  1962).  The  satellite
band,  which  represented  5-10%  of the total  cell
DNA  in  several  CsCl  gradients,  could  not  be
found in total cell DNA from 70% dyskinetoplastic
L.  tarentolae  (Fig.  1  b).  This  indicates  that  the
satellite  is  probably  kinetoplast  DNA.  However,
by use of another method, light  microscope radio-
autography  of cells  labeled  over  six  generations,
the relative amount of kinetoplast DNA in normal
cells  was  found  to  be  21 %. The  most  probable
explanation for the failure  to observe the expected
value  of kinetoplast DNA  in  the phenol-extracted
preparation  is  a  differential  dissociability  of  the
two  types of DNA  from  their  respective  proteins
and  a loss  of the  protein-bound  kinetoplast DNA
in  the interface.
The  sedimentation  rate  of  the  nuclear  DNA,
measured  by  velocity  sedimentation  in  sucrose
gradients,  was  relatively  unaffected  by  the  acri-
flavin  treatment.
INHIBITION  OF  KINETOPLAST  DNA  REP-
LICATION:  A rapid inhibition of the  synthesis of
kinetoplast DNA  was  brought about by treatment
of  cells  with  acriflavin  (Fig.  2).  Concentrated
samples  of  cells  were  given  30-min  pulses  of
thymidine-3H in medium C containing  I % bovine
2 I would like  to thank Dr. David Luck  for assistance
with  the  analytical  ultracentrifugation.
serum  albumin  and  then were  smeared  and proc-
essed  for  radioautography.  The  acid-insoluble
label  was demonstrated  to  be in  DNA  by the use
of DNase  digestion  of control  slides.  The  kineto-
plast grains could  easily  be distinguished  from the
nuclear  grains,  as  illustrated  by  the overexposed
radioautograph in  Fig.  3.
Two  acriflavin  concentrations  were  examined:
47 and 333 mug/ml.  It will be shown later that the
optimal  level  for  the  production  of  dyskineto-
plastic  cells under  the  proper  cultural  conditions
is  approximately  150-200  mAg/ml.  As  seen  in
Fig.  2  a,  the  inhibition  of kinetoplast  DNA  syn-
thesis  in  medium  C  with  red  blood  cell  extract
rapidly  reached  a maximum  of 50-60%  with  47
mug/ml  and  90-100%  with  333  mpg/ml.  The
actual data are  given in Table  I.
The  absence  of red  blood  cell  extract  in  the
culture  medium  (medium  C)  decreased  the  rate
and  extent  of inhibition  of kinetoplast  DNA  syn-
thesis (Fig. 2 b). The use of red cell extract derived
from  Trager's  observation  (Personal  communica-
TABLE  I
Effect  of  Acriflavin  on  DNA  Synthesis  in
L.  tarentolae
Distribution  of label
Cells
Acriflavin  Time  labeled  N + K  N  K
mpg/mI  hr  %  %  %  %
0  0  16  81  18  1
1.3  23  83  13  4
10.5  35  92  4  4
18  31  92  7  1
47  0  14  80  17  3
1.3  21  52  46  2
10.5  36  41  57  2
18  34  40  58  2
333  0  16  50  48  2
1.3  26  3  97  0
10.5  27  2  98  0
18  19  0  100  0
The data for Fig. 2 a. Cells were grown in medium
C  with  red  blood  cell  extract  and  hemin  at  20
ug/ml,  pulsed  with  thymidine-3H  for  30  min  at
the  indicated  iimes,  and  processed  for  radio-
autography.  The percentages  of cells having  both
nuclear  and  kinetoplast  label  (N  +  K),  pure
nuclear  label  (N),  and pure  kinetoplast  label  (K)
are  given.  An  organelle  was  scored  as  labeled  if
it  had  more  than  two  grains.  200-500  cells  were
counted  for  each  point.
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was  greatly  stimulated  by  such  an  addition.
Human,  horse,  and  rabbit red  blood  cell extracts
and  horse  hemoglobin,  all were  equally effective.
The  increase  in  the  percentage  of cells under-
going  total DNA  synthesis  (cells  with  more  than
two  grains)  with  time,  at  the  various  acriflavin
levels,  is  shown  in  Fig.  4.  The  higher  acriflavin
concentration  clearly  affected  the  rate  of  total
cell DNA  synthesis  more  than  the  lower  concen-
tration.  It was  also demonstrated  by direct count-
ing experiments that low  acriflavin  concentrations
had  no great  effect on  total  cell uptake  of thymi-
dine-1 4C  over a  2  hr period.  These  facts  indicate
that  the  lower  acriflavin  level,  which  inhibits
kinetoplast  DNA  synthesis  by  50-60%,  has  no
great  effect  on  nuclear  DNA  synthesis,  whereas
the higher level  significantly  affects  nuclear  DNA
synthesis also.  The  failure  (in Fig.  4)  to observe a
significant  difference  in  the  presence  (a)  or  ab-
sence  (b) of red  blood cell extract is probably due
to  the  procedure  of scoring  a  cell  as undergoing
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DNA  synthesis if it has more than two grains  over
the  nucleus  or  kinetoplast.  The  inhibition  of
kinetoplast DNA synthesis would  not be apparent
in this method.
It  should  be noted  that all  dye  concentrations,
unless otherwise indicated, were prepared on a dry
weight basis with  commercial  "neutral acriflavin"
(Nutritional  Biochemical  Corporation).  Purified
acriflavin  gave  identical  results at lower  dye  con-
centrations.
KINETICS  OF  LOSS  OF  STAINABLE  KINETO-
PLAST  DNA:  The  increase  in  the percentage  of
dyskinetoplastic  cells  as  a  function  of  time  of
growth  in a  fairly optimal  level  of acriflavin  was
measured  (Fig. 5).  Cells were scored from Giemsa-
stained smears and only those cells having nothing
at all visible  in the kinetoplast region were termed
dyskinetoplastic.  Cells  with  small  dots  for  the
kinetoplast were termed "normals,"  although  they
are  clearly  abnormal  in  their  content  of  kineto-
plast  DNA.  Since  the  staining  properties  of  the
kinetoplast  are due  mainly,  if not entirely,  to  the
FIGURnE  4  The  effect  of  acrifiavin  on
the percentage of  cells undergoing total
DNA synthesis.  See Fig.  2 for details.
Cells  with  more  than two  grains  were
scored asundergoing DNA synthesis.
Time  (hr)
LARRY  SIMPSON  Acriflavin Effects on  Kinetoplast  665kinetoplast DNA  (Steinert,  1965),  the  size  of the
kinetoplast  granule  is  a  valid  indication  of  the
amount of DNA.  The loss of the ability of the kine-
toplast  to  stain with  Giemsa's  after  DNase  treat-
ment of fixed  smears was confirmed for L. tarentolae.
The  complete  loss  of  acridine-orange  staining  of
the kinetoplast region of dyskinetoplastic  cells was
also confirmed  for L. tarentolae.
Fig. 5  also presents the growth curves  of the un-
treated  and  acriflavin-treated  cells.  The log-phase
growth rates  are  indentical  (9 hr doubling  time),
but there  is  some inhibition  of the  final  cell yield
under these  cultural  conditions.  The curve  for the
percentage  of dyskinetoplastic  cells  shows  a lag for
about 20 hr, then a sharp rise and a plateau. When
plotted  against  the  number  of  cell  divisions,  the
increase  in  dyskinetoplastic  cells  is  linear  after
three  cell  divisions,  as  would  be  expected  con-
sidering  the hypothesis  that  the kinetoplast  DNA
is  inhibited  from  replicating  and  is  being diluted
out.
MORPHOLOGICAL  DISTRIBUTION  OF  STAIN-
ABLE  KINETOPLAST  DNA  DURING  GROWTH
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FIGURE  5  Kinetics  of  the  effect  of  acriflavin  on  L.
tarentolae. Comparison  of  the  growth  curves  of  cells
with  and  without  acriflavin  at  a  fairly  optimal  level
(136  mg/ml),  and  the  kinetics  of  appearance  of
completely dyskinetoplastic cells.  Cells were  in medium
C,  with red blood  cell extract;  the hemin concentration
was  5  ug/ml.
IN  ACRIFLAVIN:  For  comparison  with  dye-
treated  cells,  normal,  untreated  cells  are  shown
in  the micrograph  of Fig.  6.  The stainable  kineto-
plast (K)  is visible  as a prominent  dark granule  at
the  base  of the flagellum.  The other granules  ob-
served  in the vicinity of the nucleus in  the  cells  at
the  lower  left  are most  probably  "volutin"  gran-
ules  as  described  by  Ormerod  (1961).
The dye-treated situation  is schematically repre-
sented  in  Fig.  7, which  shows  the  major  division
forms  seen  in  a  log-phase,  acriflavin-treated  cul-
ture. The  first few  divisions  in the presence  of the
dye  produce a  decrease  in the  size of the stainable
kinetoplast,  as  illustrated  by  the  micrograph  in
Fig. 8  a.
The  final disappearance  of the stainable kineto-
plast occurs at an  "all and  none"  division,  which
yields  one  normal  and  one  dyskinetoplastic  cell
(Fig.  8 b and  c).  These observations would indicate
that the percentage  of such  all and none  divisions
increase  with  time.  This  is verified  in  Fig.  9.
The  transverse nature  of the all  and none  divi-
sions  presented  in  Fig.  8  b and  c and  the longi-
tudinal nature  of the normal divisions  in  Fig.  8  a
are purely  fortuitous and  merely  represent differ-
ent times in the division process.
Completely  dyskinetoplastic  cells  can  continue
to  divide  at  least  once.  This  is demonstrated  by
the  data  in  Table  II  in  which  are  presented  the
percentages  of binucleate  division forms of normal
and  dyskinetoplastic  cells  during growth  in  acri-
flavin.  Binucleate  division  forms  of  dyskineto-
plastic  cells  occur  at  about  one-half  the  rate  of
normal cells.  Such  forms  are  shown  in  the  micro-
graphs of Fig.  8 d, e, and f.  Table  III a gives  the
actual  percentages  of each  of the  major division
forms  seen  in  slides  prepared  at  various  times
during  growth  in  acriflavin.
Table III b demonstrates that the total number
of cells  having  some  kinetoplast  DNA  increases
approximately  logarithmically  for two to three  cell
divisions  and  then  remains  constant,  as  would  be
implied  by a failure to transfer replicates of kineto-
plast DNA  into both daughter cells.
ACRIFLAVIN  DOSE-RESPONSE  CURVES,
COMMERCIAL  DYE:  The  variation  in  final cell
yield and  percentage of dyskinetoplastic  cells with
the acriflavin concentration  is shown in Fig. 10. The
cells were  grown to stationary  phase in medium  C
with  (a)  and  without  (b)  red  blood  cell  extract.
The  hemin  concentration  was  5  pu/ml.  In  both
cases there is an increasing inhibition of cell growth
666  THE  JOURNAL  OF  CELL  BIOLOGY  - VOLUME  37.  1968FIGURE  6  Normal,  untreated L. tarentolae grown in  medium C. Giemsa stain.  The stainable  kinetoplast
(K) and the nucleus  (N) are apparent.  X 1300.
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FIGURE  7  Schematic  d
seen  in  Giemsa-stained
presence  of  acriflavin  (
kinetoplast;  F, flagellun
with  increasing  concentration  of  dye.  The  per- eils
centage  of dyskinetoplastic  cells  reaches  a  maxi-
°C~F  ;  2N-OKmum  at  about  50%  growth  inhibition  and  then
drops or reaches  a plateau level.
The presence of red blood cell extract  (Fig.  10 a)
o<I=  o(~c  increases  the  maximum  percentage  of dyskineto-
2N-2K  2N-IK  IN-IK-2F  plastic  cells  obtained  but  does  not greatly  affect
the  total  cell  yields  under  these  cultural  condi-
iagram  of major division  forms  tions.
I  smears  of  cells  growing  in  An identical  experiment  at  a  high  hemin  con-
136  mpg/ml).  N,  nucleus;  K,  centration  (20  pg/ml)  is  shown  in Fig.  11.  In  this
n.  case  the presence of red  cell extract  both increases
LARRY  SIMPSON  Acriflavin Effects on Kinetoplast  667FIGURE  8  Abberrant  division  forms seen  in acriflavin-treated  (136 m/z/ml)  culture.  a and  b,  Decrease
in size  of  stainable kinetoplast  (K)  upon  cell division.  c, all  and  none kinetoplast division  (arrow).  d-f,
Division of dyskinetoplastic  cells (arrows).  Giesma  stain.  X  1300.
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FIGURE  9  The  increase  in  the percentage  of  all  and
none  division forms  during growth  in presence  of acri-
flavin  (136  mpg/ml).
the  maximum  percentage  of dyskinetoplastic  cells
obtained  and  causes  a  greater  inhibition  of  cell
growth  at  lower  dye  concentrations.  The  data
from  this experiment  are  replotted  in  Fig.  12  as
the  percentage  of  inhibition  of  cell  growth,  so
that the effect  of red blood  cell extract in increas-
ing  the  sensitivity  of the  cells  to  the  dye  can  be
seen  more clearly.
ACRIFLAVIN  DOSE-RESPONSE  CURVES-
PURIFIED  DYE  :3  Acriflavin  (2,8  diamino-N-
methylacridinium  chloride)  was  purified  from
commercial "neutral acriflavin"  by the method  of
Albert  (1966).  Purity  was  ascertained  by  paper
chromatography  on  Whatman  No.  1  paper  in
butanol-5-N-acetic  acid  (7:3)  (Albert,  1966, page
150).  Purified  acriflavin  gave  an  Rf  of 0.54  and
proflavin  0.63.  The  absorption  spectrum  of  the
purified  sample  in  phosphate  buffer  (pH  6.8,
r/2  =  0.1)  was  identical  with that  reported  by
Tubbs et  al.,  (1964)  for purified  acriflavin.  Com-
mercial  acriflavin  separated  into  two components
on  chromatography,  corresponding  to  proflavin
and acriflavin.  The molar extinction  coefficient  of
4.68  X  104  (452 mu)  of Tubbs et al.  (1964)  was
used for  calculation  of concentrations  of the  pur-
ified acriflavin.
A  comparison  of dose-response  curves  of cells
treated  with  commercial  acriflavin  (a)  and  puri-
fied  acriflavin  (b)  is shown in Fig.  13.  The morpho-
3 These experiments  were performed in collaboration
with  Mr.  Andrew  Balber.
logical  response  to  purified  acriflavin  is  identical
with  the response  to  the commercial dye  discussed
above.  However,  the  optimal  concentration  of
purified  acriflavin  (b),  in  terms  of percentage  of
dyskinetoplastic  cells,  is  60-90  mpug/ml,  whereas
the  optimal  concentration  of  commercial  dye  is
about 200 mpg/ml  (a). Also  the initial slope of the
curve for per cent dyskinetoplastic  cells with puri-
fied dye  is approximately  twice  that of the  curve
with  commercial  dye.  This implies  that the  im-
purities  in  the  commercial  dye  are  inactive  in
producing dyskinetoplastic  cells and possibly  even
inhibitory.  This  was  verified  by  repeating  the
above experiment with proflavin (dihydrochloride;
Allied  Chemical  Corp.),  the  main  impurity  in
commercial  acriflavin.  Fig.  14  demonstrates  that
proflavin  is entirely inactive  in both  the inhibition
of cell  division  and  the  production  of dyskineto-
plastic  cells  until  it  is  in  a  relatively  high  con-
centration  (790  mpg/ml).  However,  the  normal
amount of 20%  proflavin in commercial acriflavin
could  not  account  for  the  large  differences  ob-
served,  unless  the proflavin  were competing  with
acriflavin  and  inhibiting  its  effects;  but  this  was
not investigated.
THE  EFFECT  OF  HEMIN  ON  THE  RESPONSE
TO  ACRIFLAVIN:  L.  tarentolae  is  a  hemin-
dependent  organism;  protoporphyrin  IX  (27
/pg/ml)  and  iron  could  not substitute  for hemin
in  medium  C.  As  demonstrated  above  (Figs.  10
and  11),  the quantitative  response  to  acriflavin  is
highly  dependent  on  the  hemin  concentration,
especially  in  the  presence  of  red  cell  extract.  A
TABLE  II
Division  Forms  of  Dyskinetoplastic  and  Normal
Cells from  Same Culture at Various  Times During
Growth  in  Presence of  Acriflavin  (136  mug/ml)
Binucleate  division forms
Dyskinetoplastic
Time  cells  Normal  Dyskinetoplastic
hr  %  %  %
15  0.7  10  -
39  16  10  4
49  31  6  3
60  44  10  3
84  62  10  4
The medium  contained red  blood cell  extract and
hemin  (20 tg/ml).
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Percentages  of Major Division Forms in Acrifiavin-Treated Culture and Increase in Normal Cells During Growth
of Culture
Table III a
Dyskinetoplastic  Normal
IN-OK-IF  IN-OK-2F  2N-OK-2F  IN-iK  IN-2K  2N-2K  2N-IK  IN-1K-2F
Time Dyskinetoplastc  (7:)-  (C  (  C(3=  (i  =
hr  %  %  %  %  %  %  %  %  %
15  0.7  - - - 80  10  9  1  0
39  16  94  2  4  86  F  7  2  1
49  31  91  6  3  85  8  3  3  1
60  44  93  4  3  79  6  5  5  5
84  62  95  1  4  85  6  2  8  1
Table III b
Dyskineto-
Time  plastic  Cell  concentration  No.  normals
hr  %  X O6/ml  XlO6/mt
0  0  1.0  1.0
22  7.0  5.5  5.1
51  53  15  7.4
70  65  18  6.4
95  69  20  6.3
The cells were in medium  C with red blood cell extract and hemin at 20 ug/ml.  The acriflavin concentra-
tion was 136  mpag/ml  (commercial  dye).  200-600  cells  were  counted  for  each  value. Tables  III a and b
represent  separate  experiments.  N,  nucleus,  K,  kinetoplast;  F, flagellum.
growth-dose  response  curve  for untreated  normal
cells  is  presented  in  Fig.  15.  Cells  could  be  sub-
cultured  continuously  at 0.2  g/ml,  although  the
standard  hemin  concentration  in Trager's  (1957)
medium  C  was  24  gug/ml.  Continuous  growth  at
0.2 ug/ml  had no effect on the shape of the growth
curve  or  on  final  cell  yields.  The  actual  minimal
nutritional  requirement  for  hemin  is  probably
even  lower  than  0.2  g/ml  because  hemin  tends
to  form  aggregates  in  aqueous  solutions  (Shack
and  Clark,  1947).  It  is of  some  interest  that  the
hemin-deprived  cells  had  long flagella,  unlike the
vitamin-deprived  cells  of  Trager  (1957)  which
were  aflagellate.
The  situation  with  dye-treated  cells  was  quite
different and  is shown  in Fig.  16.  The percentages
of dyskinetoplastic  cells  obtained  at  each  hemin
level  are  plotted  on  the  same  graphs.  Proto-
porphyrin  IX  could  substitute for hemin,  in  this
effect,  in  approximately  equimolar  quantities,
provided  the  cells  were  given,  in  addition,  the
minimal  nutritional  requirement  of 0.2  p/g  hemin
per milliliter.
It  is  clear  from  Fig.  16  a  that  increasing  the
hemin concentration  in  the presence  of red  blood
cell extract allows more  cell divisions to occur and
thereby  produces  a  greater  yield  of  dyskineto-
plastic cells.  This is shown more  clearly in Fig.  17,
in  which the data from Fig.  16  a are  replotted  in
terms  of  percentage  of  dyskinetoplastic  cells
versus percentage  inhibition  of cell  growth  by  the
dye.  Recrystallized  horse  hemoglobin  could  sub-
stitute for horse red blood cell extract in this effect.
In the absence  of red cell extract  (Fig.  16  b)  the
cells are  affected  by  acriflavin  only  at  low  hemin
levels (<  10 pg/ml).  This experiment  agrees quite
well  with  that  described  previously  in  Fig.  10.
Fig.  16  b  also demonstrates  that the  action  of red
blood  cell extract  is not due to its being a supplier
of hemin,  in  the  form  of  hemoglobin.  This  was
demonstrated  more  directly  by  giving  to  cells
with low-hemin  increasing  concentrations  of  red
670  THE  JOURNAL  OF  CELL  BIOLOGY  VOLUME  7,  1968matic diagram  of the  effect of hemin and  also red
blood  extract  on  the  localization  of acriflavin  at
various  concentrations.
Red  cell  extract  seems  mainly  to  increase  the
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FIGURE  10  Acriflavin  dose-response  curve  at  a  low
hemin  level  (5  pLg/ml).  Cells  grown  for  4  days  in
medium  C with  (a) and without  (b)  red blood  cell ex-
tract.
Acrifloin  concentration  Impg/mlI
FIGURE  11  Acriflavin  dose-response  curve  at  high
hemin  level  (0  pg/ml).  Cells  grown  for  4  days  with
(a) and  (b) without red cell extract.
blood  cell  extract  in  the  presence  of  acriflavin,
and  getting  no  release  from  growth  inhibition
(Table  IV).
It  is  of  some  interest  that  dye-treated  cells  :
grown  with  less  than  20  pug  hemin  per  milliliter
are  aflagellate,  unlike  those  grown  in  absence  of  *
dye.  It  is  possible  that the  dye  inactivates certain
vitamins  at low  hemin  concentration  or  competes
with  such vitamins  (such  as riboflavin,  for exam-
ple)  for uptake  into the  cell,  and  thereby inhibits  .
formation  of flagella.
ROLE  OF  RED  BLOOD  CELL  EXTRACT  AND
HEMIN  ON  UPTAKE  AND  LOCALIZATION  OF
ACRIFLAVIN  IN  THE  CELL:  Cells  treated  with
low  levels  of  acriflavin  at  high  hemin  levels
were  found  by  fluorescence  microscopy  to  have
an  apparent  exclusive  kinetoplast  localization  of
dye  (Fig.  18).  Cells  treated with  acriflavin  at  low
hemin  levels were observed  to have  the dye  in the
nucleus  and cytoplasm  as  well.  Fig.  19  is  a  sche-
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FIGURE  12  Variation  of  percentage  of  dyskineto-
plastic  cells with  per cent  inhibition  of cell  growth  by
various  concentrations  of  acriflavin.  Data  from experi-
ment in Fig.  11.
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Itotal uptake of dye by the cell and apparently does
not greatly  affect the  intracellular  distribution.
It  should  be  noted  that cells  treated  with  the
concentration  of  acriflavin  which  produces  the
maximal  per  cent  yield  of  dyskinetoplastic  cells
(136 mgg/ml)  have  the dye mostly in  the kineto-
plast, but also  in  the nucleus  and cytoplasm.  This
explains  why  the  maximal  percentage  of  dys-
kinetoplastic  cells  is  produced  at a growth  inhibi-
tion  of 50-70%  (Figs.  12  and  13).
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FIGURE  13  Comparison  of  dose-response  curves  of
cells treated  (in  medium C  with red  blood cell extract)
with  commercial  neutral  acriflavin  (a)  and  purified
acriflavin  (b).  Each point in  b is the  average  of  three
flasks with the given range.
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The  question  arises  about  the  mechanism  in-
volved  in  the  ability  of  hemin  to  produce  the
observed  effect.  The  possibility  that  hemin
quenches  the fluorescence  directly  or destroys  the
dye  by  peroxidation  was  examined  qualitatively.
It  was  found  that  the  addition  of  20-200  mag
hemin  per  milliliter  to  various  concentrations  of
acriflavin  (1-100  g/ml in  0.02  M Tris-HCl,  pH
7.6, or in medium  C) had  no discernible  effect on
the fluorescence  of the dye  as observed  under low
power  (X 100)  by fluorescence  microscopy.  More-
over, the addition of a few drops of 30%  hydrogen
peroxide  to  2  ml of the  acriflavin-hemin  solution
caused no  apparent diminution  in the intensity  of
fluorescence  within  10  min.  Hence  it  is  unlikely,
but not completely disproven,  that hemin directly
quenches  extrakinetoplastic  dye  fluorescence  or
destroys the dye by peroxidation.
The possibility  was  examined  that  hemin  acts
at the  cell membrane  and  limits  the total  uptake
of dye.  Cells  were  pretreated  with  acriflavin  (50
mug/ml)  in low-hemin  medium C containing red
blood  cell  extract,  and  then  a high  concentration
of  hemin  (20  pug/ml)  was  added.  Prior  to  the
addition  of the hemin the dye  had been  visible  in
the kinetoplast,  nucleus,  and  cytoplasm.  After 
hr in the high-hemin solution  the:e  was a marked
diminution  of fluorescence  in  the  cytoplasm  and
nucleus  but no obvious  effect  on  the kinetoplast
fluorescence.  These  results  indicate  that  hemin
acts within  the  cell and  either releases  the dye or
quenches  its  fluorescence.  It  remains  an  open
question  whether  hemin  also  affects  the  relative
intracellular distribution  of the dye.
COMPLEX  FORMATION  BETWEEN  ACRI-
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FIGURE  14  Inactivity  of  profiavin  in
the  inhibition  of  cell  growth  and
production  of  dyskinetoplastic  cells.
Cells were  grown for 4  days  in, medium
C  with  red  blood  cell  extract  and  20
pug  hemin/ml.
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FIGURE 15  Growth response of L. tarentolae  to increas-
ing  hemin  concentrations  in  medium  C.  Cells  were
grown  for  one  subculture  in the carry-over  amount  of
hemin  (660  mpg/ml)  and  then used  as inocula for this
experiment.  Cells were  grown  for 4  days.
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FIGURE  16  Response  of  acriflavin-treated  cells  (136
m/Ag/ml)  to increasing  hemin concentrations  in medium
C with  (a) and without  (b)  red blood cell extract. Cells
grown for  4  days.
20  40  60  80  100
Inhibition  of  cell  growth  (per cent)
FIGURE  17  Variation in  the percentage  of dyskineto-
plastic  cells  with per  cent  inhibition  of  cell growth  by
acriflavin  (136  m/pg/ml)  at  various  hemin concentra-
tions.  Data are from experiment  in Fig. 16 a.
TABLE  IV
Effect of Increasing Concentrations  of Red Blood Cell
Extract on  Response  of L.  tarentolae to Acrifavin
in Low-Hemin Medium C
Hemin
concen-  Red blood  No.  of
tration  cell extract  cells/ml  Notes
,g/ml  %  X106
20  3.3  23  Long flagella
0.2  3.3  4.7  Aflagellate
0.2  6.7  4.0  "
0.2  16.6  5.1  "
0.2  33.3  5.4  "
The cell concentration  and morphology were noted
after 4 days of growth. The standard concentration
of  red  blood  cell  extract  (3.3%)  corresponds  to
3.7  mg  hemoglobin-protein  per  milliliter  or  110-
150  jAg  hemoglobin-heme  per milliliter.  The  acri-
flavin concentration  was  136 m/Ag/ml.
FLAVIN  AND  HEMIN :
4 Preliminary  spectro-
photometric evidence was obtained  for the forma-
tion  of a  complex  between  acriflavin  and  hemin
and  also  between  acriflavin  and  protoporphyrin
IX.  The  change  in  the  absorption  spectrum  of
acriflavin  upon  successive  additions  of  equal
amounts of hemin  to both cuvettes  is shown in Fig.
20. There  is a decrease  in absorbance  at the maxi-
mum and a shift towards longer wavelengths;  and
there  is  also  an  appearance  of  new  absorption
bands at 575  and 635 m#. The  dye  appears to be
4 These experiments were performed in collaboration
with  Mr.  Andrew  Balber.
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IFIGURE  18  Kinetoplast  (K) localization  of  acriflavin
fluorescence.  Cells  treated  with  47  m/zg  acriflavin  per
milliliter  for 3 hr at 27C in  medium C  with red blood
cell extract and hemin  (20  ug/ml). Simultaneous  phase-
contrast and  fluorescence.  X  800.
FIGURE  19  Schematic diagrams showing the effects  of
hemin  and  red  blood  cell  extract  on  intracellular
localization  of  acriflavin  fluorescence.  Cells  were
treated  with  acriflavin  for  3 hr  in  medium  C at 27°C
and observed as air-dried,  unfixed smears.
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saturated  with  hemin  at a  ratio  of 1.2-1.6  moles
of hemin  per  mole  of acriflavin.
Similar absorbance  changes  can  be  seen  in  the
spectra of hemin (Fig.  21)  and protoporphyrin  IX
I
700
FIGURE  20  Effect  of hemin  on  absorp-
tion spectrum  of acriflavin  (commercial).
Successive  equal  amounts  of  hemin  were
added  to  both  cuvettes.  Purified  acri-
flavin  behaved identically.
(Fig.  22)  upon  the  successive  addition  of equal
amounts  of  acriflavin  to  both  cuvettes.  The
molecular  nature  of the complex  is not known.
No  change  in  the  absorption  spectrum  of acri-
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FIGURE  21  Effect  of  acriflavin  on  absorp-
tion  spectrum  of  hemin.  Successive  equal
amounts  of  acriflavin  were  added  to  both
cuvettes.
700
flavin was noted upon the addition of red blood cell
extract,  hemoglobin,  cytochrome  C,  or  riboflavin
to  both  cuvettes.  This  lack  of complex  formation
between  hemoglobin  and  acriflavin  coincides
with  the  ineffectiveness  of  hemoglobin  in  substi-
tuting for  molecular hemin  or protoporphyrin  IX
in the acriflavin  effect. Probably the heme  moieties
in  the  hemoglobin  molecule  are  sterically  inac-
cessible  to  binding  by  acriflavin.  The  fact  that
riboflavin  does  not  appear  to  bind  to  acriflavin
makes  it unlikely  that the  stimulation  of produc-
tion  of  dyskinetoplastic  cells  by  high  riboflavin
concentrations  in  the  presence  of  acriflavin,  as
noted  by  Trager  and Rudzinska  (1964),  involves
the  same  mechanism  as  that  is  involved  in  the
case of hemin.
It  therefore  is  probable  that complex  formation
between  hemin  and acriflavin  on the  intracellular
level  is  related  to  the  observed  loss  of acriflavin
fluorescence  from the  nucleus and cytoplasm.  One
possible  mechanism  may  be  a  competition  be-
tween  hemin  and  acriflavin  for  the  same  intra-
cellular  binding sites.  It  is suggested  as  a working
hypothesis  that  molecular  hemin  does  not  enter
the  kinetoplast  and  therefore  has no  effect  on  the
dye  bound  to the  kinetoplast DNA.
KINETICS  OF  UPTAKE  OF  ACRIFLAVIN:
4
The  uptake  of purified  acriflavin  was  monitored
by  measuring  the  depletion  of dye  from  the  me-
dium  after  removing  the  cells  by  centrifugation.
Fairly  high  dye  concentrations  (3  ug/ml)  were
used  in  order  to obtain  readable  optical densities.
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FIGunE  22  Effect of acriflavin on absorption spectrum
of protoporphyrin  IX. Same protocol  as  Fig.  1.
Cells became  saturated with  acriflavin in about  70
min at 27C. That incubation at 0-4°C  decreased
the  amount  of  dye  taken  up  indicates  that  the
uptake  is  an  active  process.  This  is  demonstrated
by Table V, which  shows  the amount of dye taken
up at the saturation level by 108 cells under various
conditions.
5
Table  V  also  shows  that pretreatment  of cells
grown  in low-hemin  medium C  (0.2 pg/ml)  with
high  concentrations  of hemin  (10-30  g/ml)  de-
creases  the total  amount of acrifiavin  taken up on
a  per  cell  basis  in  hemin-free  media.  This  may
indicate that hemin binds to the same  intracellular
sites as  acriflavin.
On  the  other  hand,  pretreatment  of  the  cells
with  the standard  concentration  of red  blood  cell
extract  for  1  hr had  no  effect  on  the kinetics  of
uptake  of acriflavin  at 27
0C.  This  agrees with  the
5 Immediately upon  mixing the cells  with the dye  at
0-4
0 C  a nonspecific  adsorption occurs,  and  a sample
was  removed  to  normalize  the  uptake  curves.
previous  observation  that  red  blood  cell  extract
acts  by  increasing  the total  uptake  of dye  by  the
cells,  presumably  by  inducing  pinocytosis  or  a
facilitated  diffusion:
It  should  be  noted  that  the  acriflavin  concen-
trations used  for  the uptake experiments  were one
to two orders of magnitude  higher than  those used
to  produce  dyskinetoplastic  cells,  so that the data
possibly  may  not  be relevant.  However,  it  is  un-
likely  that  the  basic  mechanism  of  dye  uptake
differs  at different dye  concentrations.
It  is of some interest that high concentrations of
acriflavin  had  a  toxic  effect  only  when  cellular
metabolism  was  active.  Cells  treated  with  30  ug
acriflavin  per  milliliter  for  13  hr  at  27°C  were
highly degenerate,  whereas  the  same  treatment at
4°C  had  no  effect  on  morphology  and  motility.
TABLE  V
Uptake  of  Acriflavin  by  L.  tarentolae
Moles  purified acriflavin  (X  10-9) taken  up
Hemin  by  10
s cells at the saturation level
concen-
tration  27°C  incubation  4°C incubation
during
pretreat-  Hemin-  Hemin-
Exp.  ment  Control  treated  Control  treated
pg/m
1  10  6.6  - 0.58  -
2  20  16.2  - 7.7  -
3  30  17.3  6.2  - -
4  10  5.0  4.2  2.9  1.2
5  10  5.0  4.2  2.5  2.2
Cells  grown  in low-hemin  (0.2  g/ml) medium  C
were  preincubated  for  1  hr  in  fresh  high-hemin
(10-30  ug/ml)  medium  C  at  27°C.  Control  cells
were similarly  incubated  in fresh medium  C with-
out hemin. Then both cultures were washed several
times at 0-4
° C in SBG and resuspended in SBG  +
3  g acriflavin per milliliter.  1 ml samples were im-
mediately  removed  and  centrifuged  at  0-4°C  for
10  min at 3000  rpm, to correct  for the  nonspecific,
nonactive  initial  adsorption  of  dye.  The  control
and  experimental  cultures  were  divided  into  two
parts  and  incubated  at  270  and  4C.  After  the
saturation  level  was  attained  (70  min),  the  cells
were  centrifuged  down  and  the  decrease  in  acri-
flavin concentration was measured  (at X = 450 mu).
The  initial,  nonspecific  decrease  was  subtracted
from the final decrease to obtain the above values.
Five  separate  experiments  are shown.  The  varia-
tion in the values of the controls at 27°C may  reflect
the varying  physiological  state  of the cells  in dif-
ferent  experiments.
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were  unaffected  after  3  hr at  27°C,  so  that  the
above  uptake  data  were  not  due  to  toxicity
phenomena.
LACK  OF  LOCALIZATION  OF  AN  INACTIVE
DYE,  ACRIDINE  ORANGE:  Acridine  orange was
found  to  be  inactive  in  the  production  of  dys-
kinetoplastic  L.  tarentolae: it was merely inhibitory
to cell growth.  In  agreement with  this,  the treat-
ment  of cells with  low  concentrations  of acridine
orange  (<  300 mpg/ml) producedno preferential
localization  in  the  kinetoplast  as  seen  in  the
fluorescence  microscope.  The  dye  was  taken  up
equally well  by  the  nucleus  and  kinetoplast,  and
was  also visible  in  the  cytoplasm.
Physiological Correlates of  Loss  of
Kinetoplast DNA
LACK  OF  EFFECT  ON  CELL  PROTEINS:  No
differences  in  the  amounts  of  protein  per  cell
could  be  detected  by  the  Folin  assay  (Lowry  et
al.,  1951).  Stationary-phase  normal  and  70%
dyskinetoplastic  cells  both  gave  a  value  of  2.4
ug protein per  106 cells.
Electrophoresis  of  total  cell  protein  extracts
from  normal  and  70%  dyskinetoplastic  cells
gave  identical  patterns  on  cellulose  polyacetate
(Sepraphore  III)  (Fig.  23).
IMPAIRMENT  OF  PLATING  EFFICIENCY  ON
BLOOD  AGAR:  L.  tarentolae cells  form  colonies
on  blood  agar.  The  colonies  reach  a  maximum
diameter of 1-3 mm by  10 days  (Fig. 24). There  is
a  great  heterogeneity  in  colony  size.  The  per-
centage  of large  colonies  varied  with the  stage  of
the culture and  the strain of cells  used. Log-phase
cells  produced  a  greater  percentage  of  large
colonies and  had  a  lower  plating efficiency  than
stationary-phase  cells.  This  may  reflect  a  forma-
tion of large  colonies  from dividing forms or from
several cells bound together in a rosette,  a phenom-
enon  which  occurs  with  about  a  10%  frequency
in  log-phase  cultures  and  which  is  rare  in  sta-
tionary-phase  cultures.  Cells  from  a  large  colony
when replated,  produced  approximately  the same
percentage  of large colonies  as  the stock  cells.
The  plating  efficiencies  of  the  untreated  cells
varied from  30  to  100%,  depending  on  the age  of
the  culture  and  the  strain.  As  shown  in  Fig.  25,
the plating efficiency  of acriflavin-treated  cells de-
creased greatly during growth of the culture. This
decrease  did  not  correlate  linearly  with  the  in-
crease  of dyskinetoplastic  cells;  it  occurred  more
FIGURE  23  Electrophoretic  comparison  of  proteins
from  total  cell  extracts  of  normal  (S-16)  and  70%
dyskinetoplastic  (S-17)  L.  tarentoloe.  Sepraphore  III
strips were stained with Ponceau  S and destained in 5%
acetic acid.
rapidly.  All  of  the  cells  in  randomly  selected
colonies  from  the  dye-treated  cells  appeared
normal  with  normal-sized  kinetoplasts.  It  seems
likely  that the kinetoplast  DNA  is  damaged  after
only  a  few  divisions  in  the  presence  of  the  dye,
and  that those  cells with  damaged  DNA  cannot
reproduce  enough  times to form colonies  on  agar.
Such  cells  may  indeed  form  microcolonies  as  in
the  case  of  "negative  petites"  in  yeast  (Bulder.
1964),  but this was not investigated.
IMPAIRMENT  OF  RESPIRATION:  Thekinet-
oplast  region  of  dyskinetoplastic  cells  does  not
take  up  the  vital  mitochondrial  stain,  Janus
green  B,  as  do  normal  kinetoplasts  of  un-
treated  cells.  In  agreement  with  this  observa-
tion,  it  was  found  that  cellular  respiration
was  progressively  inhibited  with  growth  in  acri-
flavin.  Fig. 26 compares  the per cent inhibition  of
the QO2  (M  02/min/107 cells)  relative to  an un-
treated  control  with the  increase  in  percentage  of
dyskinetoplastic  cells.  The  relationship  is  not
linear, but this may be due to the crude method  of
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FIGURE  25  Decrease  in  per  cent  plating  efficiency
during growth in acriflavin  (136 mpg/ml). Both control
and experimental cells were in medium C with red blood
cell extract and  20  pg hemin/ml.
scoring  a  cell  as dyskinetoplastic  when  no  stain-
able kinetoplast DNA  is left. The respiration of the
dye-treated  70-hr  cells  was  sensitive  to  KCN,
antimycin  A,  and  Na  amytal  at  approximately
the  same  levels  as  the untreated  cells.  However,
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FIGURE  26  Inhibition  of  QO 2(M  02/min/107  cells)
and  increase  in  percentage  of  dyskinetoplastic  cells
during  growth  in  acriflavin  (136  mgg/ml).  Cells  were
in  medium  C  with  red  blood  cell  extract  and  20  )/g
hemin/ml.
the  oxygen  uptake  of dye-treated  70-hr  cells was
nonlinear  with  respect  to  oxygen  concentration
even  at 80-90%  oxygen  levels.  This  nonlinearity
was  not due  to  cell  death  because  the  slope  re-
turned  to  the  original  value  upon  bubbling  air
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FIGURE  27  Effect of  visible irradiation  of acriflavin-treated  and untreated  cells.  Cells  were  pretreated
with high (a) and low  (b)  acriflavin  concentrations  and then  washed.  Cells  were irradiated  in  acriflavin-
free  SBG for 5-min  periods at 20°C  with stirring, and  then the Q02 was  measured with an  oxygen elec-
trode. The abscissa represents total irradiation  time, the inhibition being  irreversible and additive. The no
light, plus acriflavin control in b was identical  with that in  a and was omitted from the graph.
through the liquid.  It possibly  indicates  a damage
to  cytochrome  oxidase  in  its ability  to bind  mo-
lecular oxygen.
Dyskinetoplastic  cells  could  not be  subcultured
in  rich  media  such  as  blood  agar,  even  with  the
addition of high levels  of glucose. Usually,  normal
cells would  grow out after a variable lag period.
Possible  Use  of  Selective  Localization  of
Acriflavin  in  the  Kinetoplast  to  Produce
Kinetoplast Mutations
SELECTIVE  PHOTOOXIDATION  OF  KINETO-
PLAST  DNA:  Since acriflavin  binds fairly  selec-
tively  to  the  kinetoplast  I)NA  under the  proper
cultural  conditions,  and  since  acriflavin  is  a  good
photosensitizer,  it  may  be  useful  to  selectively
photooxidize  the  kinetoplast  DNA.  One  could
then  select  for  kinetoplast  mutants  among  the
survivors  by  agar-plating  techniques.  In  a  pre-
liminary  study,  the effects  of visible irradiation  of
acriflavin-treated  L. tarentolae were investigated  in
terms of respiration  and plating efficiency.  Fig.  27
shows that such  irradiation produces an immediate
irreversible  damage  to  cellular  respiration,  an
effect that is accentuated  at higher dye concentra-
tions. Visible  irradiation in  the absence  of the dye
also  damages  respiration,  but  there  is  a  definite
accentuation of the effect by prior treatment  with
acriflavin.  The  decrease  in  respiration  correlated
well with decrease  in cell  motility.
The plating efficiency  of dye-treated,  irradiated
cells  also  decreased.  10 min  of visible  irradiation
of cells which  had  the dye  apparently  bound  ex-
clusively  in the  kinetoplast  decreased  the plating
efficiency  on  blood agar from 29 to 0.7%.
This  photodynamic  action  was  apparent  only
with  high  light  intensities;  ordinary  room illumi-
nation  had  no  effect  on  respiration  or  on  the
production  and  viability  of dyskinetoplastic  cells
by growth  in the presence  of acriflavin.
DISCUSSION
The  initial effect  of acriflavin  on L.  tarentolae is  a
rapid  selective  inhibition  of  kinetoplast  DNA
synthesis,  with  very  little  effect  on nuclear  DNA
synthesis  or on  cell  and kinetoplast  division.  This
results  in  a  decrease  in  the  average  amount  of
DNA per kinetoplast for  two to  three generations,
and  then  a  cell  division  occurs  in  which  one
daughter  cell  retains  all the kinetoplast DNA  and
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IU  LU  JU  rone  dyskinetoplastic  cell  is  produced.  The  fact
that  the  dyskinetoplastic  cells  continue  to divide,
although  at  a  lower  rate  than  normal  cells,  has
interesting  implications  for  the  control  of  the
formation  of mitochondrial  structure,  if it can  be
firmly  established  that  there  is  no  mitochondrial
DNA left in dyskinetoplastic  cells.
Several  correlations  were  established  between
the  selective  effect  of  acriflavin  on  kinetoplast
DNA  synthesis  and  the  intracellular  localization
of acriflavin as  seen by fluorescence  microscopy.  It
is  recognized  that  the  visual  brightness  of  acri-
flavin  fluorescence  need  not be  related  directly  to
the  amount  of  dye  present,  owing  to  possible
perturbations  in  the  fluorescence  caused  by  the
local environment of the dye  molecules.  However,
the correlations  obtained  seem  to  imply  a  causal
relationship  between  the  apparent  intracellular
localization  of dye  and  the  effect  on  cell  growth
and  organelle  development.  For  example,  when-
ever  it  was  observed  that  the dye  localized  fairly
exclusively in the kinetoplast,  a high percentage  of
dyskinetoplastic  cells  was  obtained  after  several
cell  divisions;  if the dye  was  seen  in  the  nucleus
and  cytoplasm  as  well  as  in  the kinetoplast,  cell
division was  inhibited,  and  a lower  percentage  of
dyskinetoplastic  cells was obtained.
The  localization  of acriflavin  in  the kinetoplast
was  a  function  of  dye  concentration  and  the
composition of the culture medium.  Low dye  con-
centrations  favored  a kinetoplast  localization,  and
addition  of a high concentration  of hemin stimu-
lated  this phenomenon.  There are  several possible
explanations  for the  selective  binding of acriflavin
to  the kinetoplast,  even in  hemin-free  media.  The
higher  adenine-plus-thymine  base  composition  of
the  kinetoplast  DNA  should  favor  binding  of
acriflavin  (Tubbs  et  al.,  1964;  Guttman  and
Eisenman,  1965),  but  probably  this  can  not
account  for  the  large  differences  observed.  The
absence  of  histones  in  the  kinetoplast  (Steinert,
1965)  and  their  presence  in the  nucleus  may  be
another  factor  favoring  kinetoplast  binding.  The
failure  to  recover  the  expected  amount of kineto-
plast  DNA  in  phenol  extractions  may  also  be
relevant  to  this  question.  Finally,  differences  in
ionic  concentrations  in  the  two  organelles  may
influence  the  binding  of  acriflavin.  This  must
remain  an open question.
The  mechanism  by  which  high concentrations
of  hemin,  a  necessary  constituent  of  trypano-
some culture media, produce a kinetoplast localiza-
tion  of acriflavin  is  unknown,  but  it  does  seem,
somehow,  to be related  to  the ability  of hemin  to
form  a  complex  with  acriflavin,  for  two  reasons:
(a)  protoporphyrin  IX,  which  cannot  be  used
nutritionally  by  L.  tarentolae, both  forms  a  com-
plex  with  acriflavin  and  produces  a  kinetoplast
localization  of  dye;  (b)  hemoglobin,  conversely,
does not form a  complex with  acriflavin  and does
not produce  a kinetoplast  localization  of dye.
Another  correlation  demonstrated  involved  the
increase  in intensity of fluorescence  of intracellular
dye when hemoglobin  was present in the medium.
This was interpreted  as an increased uptake  of the
dye  caused  by  a  stimulation  of  pinocytosis  or
facilitated  diffusion  by  the  hemoglobin  protein,
and  could  be  correlated  with  an  increased  sensi-
tivity  to  the  dye as regards  the  inhibition  of cell
division  and  the  production  of  dyskinetoplastic
cells.  The increased  production of dyskinetoplastic
cells may be due in part to  another mechanism,  a
stimulation  of  the  further  division  of  already
dyskinetoplastic  cells by  the  added  nutrients,  but
this was not investigated.
The  mechanism of selective inhibition  of kineto-
plast DNA  synthesis and its subsequent dilution by
cell  division  is probably valid  for other  species  of
hemoflagellates  also.  However,  to  explain  the
reported  initial  all  and  none  kinetoplast  division
that occurs  in Crithidiafasciculata  (Cosgrove,  1966),
Trypanosoma  lewisi,  T.  equiperdum,  and  T.  brucei
(Jirovec,  1929),  one  must  assume  that  the  dye
interferes with  the mechanism  for distributing  the
kinetoplast  DNA  between  daughter  kinetoplasts
as well  as  with kinetoplast  DNA  replication.  This
indeed  may  be  a  function  of the  100-fold  higher
levels of acriflavin necessary  to produce dyskineto-
plastic cells  in  these  species.
Several  physiological  correlates  of  the  loss  of
kinetoplast DNA in L. tarentolae  were demonstrated.
It should  be  stressed,  however,  that owing  to  the
lethal  nature  of  the  dyskinetoplastic  state  in  this
species,  it  is  difficult  to  dissociate  general  patho-
logical  symptoms  from  events  more  closely  re-
lated  to  the  loss  of kinetoplast DNA.  The  corre-
lates  obtained,  an  inhibition  of respiration  and  a
decrease  in  plating  efficiency,  agree with  the  hy-
pothesis  that the  loss of kinetoplast  DNA produces
a  respiratory  defect  which  leads  to  a  decrease  in
biosynthetic  reactions  and eventual  cell  death.
The rapid  decrease  in plating efficiency  prior to
the complete  loss of kinetoplast  DNA  agrees with
the  electron  microscopic  evidence  of Trager  and
Rudzinska  (1964)  that  the  first  visible  effect  of
acriflavin  on the kinetoplast DNA is a clumping of
680  THE  JOURNAL  OF  CELL  BIOLOGY  VOLUME  37,  1968its  fibrillar  structure.  The damage,  however,  does
not  seem to render the  kinetoplast DNA  incapable
of initially being normally distributed  among prog-
eny kinetoplasts.
The apparent lack of gene recombination  in the
hemoflagellates eliminates  classical genetic analysis
as a  tool to  study the kinetoplast.  It  still might be
possible,  however,  to  obtain  viable  kinetoplast
mutants  and study their  properties.  The  ability of
hemoflagellates  to  form colonies  on  agar  (Niller,
1917;  Packchanian  and  Kelley,  1967)  would  per-
mit the selection of mutant clones by using markers
such  as  temperature  sensitivity,  drug  resistance.
or nutritional  abilities.  A  possible  method  for  the
production  of kinetoplast  mutants  in  L.  tarentolae
was  proposed,  which  involves the  selective  photo-
oxidation  (Friefelder et al.,  1961;  Simon and Van
Vunakis,  1963)  of the  kinetoplast DNA  by  visible
light.  The  phenomenon  of dye-induced  sensitiza-
tion  of hemoflagellates  to  visible  light  has  been
known  since  the  work  of  Busck  and  Tappeiner
(1906).  The  first  observations  by  fluorescence
microscopy  that dyes  such as acriflavin apparently
concentrated  in  the  kinetoplast  of  trypanosomes
were  made  by  Von  Jansco  (1931,  1932),  who
showed  that the uptake  of dye into the kinetoplast
correlated  well  with  the  advent  of  photosensi-
tivity. Walker  (1961)  showed that selective  irradia-
tion  of  the  kinetoplast  of  an  acriflavin-treated
trypanosome  with  visible  light  produced  cell
death,  whereas  similar  irradiation  of  the nucleus
had  no effect.  It  seems  likely  that the preferential
localization  of  the  dye  in  the  kinetoplast  was
causally  related  to  the  cell  damage  produced  by
visible  irradiation.  In  the  attempts  to  obtain
kinetoplast  mutants  by  the  method  of  photo-
dynamic  action,  it  could  always  be  argued  that
damage  to  the  nuclear  DNA  mediated  by  dye
molecules  bound  to  the  nucleus  produced  the
mutations.  Walker's (1961)  experiment makes  this
seem  unlikely,  but does  not completely eliminate
the possibility.
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